Escherichia coli was found to adapt to the uncoupler of oxidative phosphorylation 2,4-dinitrophenol. The rates of synthesis of 53 proteins were increased following exposure to 2,4-dinitrophenol. Adaptation was accelerated when the cofactor pyrroloquinoline quinone was provided in the growth medium.
potential (At) together with the difference in proton concentration between the periplasm and cytoplasm (zApH) make up the proton motive force, which is typically maintained at a steady-state value of -150 to -200 mV (14) . Ap is harnessed to drive nutrient transport, ATP synthesis, and other endergonic reactions at the cell membrane.
Uncouplers of oxidative phosphorylation, such as 2,4-dinitrophenol (DNP) and carbonyl cyanide m-chlorophenylhydrazone (CCCP), are able to transport protons across biological membranes, which usually have extremely low proton conductance (16, 17) . By transporting protons down the electrochemical potential gradient, these agents collapse Ap. The collapse of Ap has detrimental effects on the bacterial cell: (i) the rate of proton-coupled ATP synthesis declines; (ii) the pH of the cytoplasm, typically maintained near 7.8 (3) , approaches that of the external medium (8) ; and (iii) nutrient transport is inhibited, as is the translocation of proteins destined for insertion into the cytoplasmic membrane (1, 7, 10) .
Here we show that wild-type E. coli is able to adapt to the uncoupler of oxidative phosphorylation DNP and that the rate of adaptation is accelerated by the cofactor pyrroloquinoline quinone (PQQ). In addition, we show that E. coli induces approximately 50 proteins, including the heat shock proteins, upon exposure to DNP.
E. coli adapts to DNP. E. coli W3110 growing in glucose-rich morpholinepropanesulfonic acid (MOPS) medium (GRM) without methionine (9) at 28°C was exposed to 0.5, 0.75, and 1.0 mM DNP. Following challenge with these concentrations of DNP, there were immediate cutbacks in the growth rate of 45, 75, and 90%, respectively (Fig. 1) . Following the cutback in growth rate, cultures exposed to 0.5 and 0.75 mM DNP increased their growth rates and nearly reached the rate at which they grew before exposure to DNP. The growth rate of the culture exposed to 1.0 mM DNP increased somewhat but never reached the pre-DNP growth rate. A similar growth response has been noted when E. coli is exposed to inhibitory concentrations of CCCP (18) . PQQ glucose dehydrogenase (12) . They are unable to synthesize PQQ, the cofactor for this enzyme, under any known condition (2, 12) . Under aerobic conditions in the presence of added PQQ, glucose dehydrogenase catalyzes the oxidation of glucose to gluconate, with the resulting electrons entering the electron transport chain (15) . Thus, glucose dehydrogenase can contribute to energy production in E. coli by generating Ap (15, 22) . The apoenzyme form of glucose dehydrogenase is induced 3-to 15-fold following exposure to 1.0 mM DNP (12) . In light of these results, strain W3110 grown in GRM without methionine at 28°C was challenged with 1.0 mM DNP in the presence or absence of 20 FtM PQQ. The culture which received PQQ recovered quickly from the DNP-induced growth lag (Fig. 2) . PQQ did not increase the growth rate of a culture growing in medium without DNP, indicating that PQQ did not act as a general growth enhancer. It was shown that glucose dehydrogenase, and not some other enzyme which utilizes PQQ as a cofactor, was responsible for the accelerated adaptation to DNP by conducting the same experiment using isogenic strain DG300 (gcd::cat), which contains a chloramphenicol resistance marker inserted into the gene for glucose dehydrogenase (4) . This mutant failed to recover quickly from DNP challenge, even in the presence of exogenous PQQ. It was possible that it was not the energy derived from the oxidation of glucose which increased the growth rate of cells exposed to DNP, but rather the generation and utilization of gluconate (0.4% [wt/vol]). This possibility was ruled out by the observation that cells grown with glucose and gluconate together had no growth advantage over cells growing in glucose alone when they were exposed to DNP (data not shown).
It is likely that the energy generated by glucose dehydrogenase is beneficial when E. coli is exposed to DNP. This result indicates that energy production may be the rate-limiting process for growth when cells are challenged with this agent. This possibility supports the suggestion that one function of E. coli glucose dehydrogenase is to supply cnergy under conditions where it is limiting, provided PQQ is present (13) .
E. coli induces proteins following exposure to DNP. Strain W3110 grown in GRM without methionine at 28°C was pulse-labeled for 5 min before and for 15 to 20 min after exposure to 0.5 mM DNP. Analysis by two-dimensional gel electrophoresis revealed that the rates of synthesis of 53 proteins were induced more than approximately twofold by DNP ( Fig. 3 and Table 1 ) (9) . These proteins included all of the heat shock proteins except LysU, HtpE, and HtpN. Among the non-heat shock proteins induced by DNP, 6 were also induced by carbon starvation, 9 were also induced by nitrogen starvation, and 11 were also induced by phosphate starvation ( Table 1) . Of the 53 proteins, 24 have not been found to be induced by any other stress and thus are, so far, unique to the DNP stimulon. When pulse-labeling was done after cells had adapted to DNP, the analysis revealed that the spectrum of proteins being synthesized was very similar to that seen during steady-state growth prior to DNP addition (data not shown).
While it is not known how DNP induces the heat shock proteins, it is tempting to speculate that it does so by inhibiting the maturation and translocation of proteins normally destined to be inserted into or transported across the cytoplasmic membrane. When translocation is inhibited, the cellular systems for chaperoning these proteins to the cell surface may be Proteins whose rates of synthesis increased more than twofold are boxed. The numbers correspond to the protein numbers enumerated in Table 1. overwhelmed by the increase in the intercellular concentration of precursor proteins. This situation may result in binding of these proteins by the heat shock chaperones. Once the chaperones are occupied, there would be an increase in the half-life and hence the level of o32, the heat shock sigma factor (20) .
This model is similar to models proposed to explain induction of the heat shock regulon following an increase in temperature (5) . In support of this type of model, it has been shown that uncouplers can inhibit the translocation of precursor proteins (7) and that Ap is required for protein translocation (6, 10, 19 (21) . Abbreviations are as follows: C, N, and P, proteins induced by carbon, nitrogen, and phosphate starvation, respectively; Hsp, proteins belonging to the heat shock regulon; LIV-binding protein, leucine-isoleucine valine-binding protein; Lrp, proteins under the control of the leucine response regulatory protein (lrp); Heat, proteins not in the heat shock regulon which are induced by a temperature shift; Cd, HP, and QN, proteins induced by cadmium chloride, hydrogen peroxide, and the quinone ACDQ (6-amino-7-chloro-5,8-dioxoquinoline), respectively; Ile, proteins induced by isoleucine starvation. half-life of &32 (23) . Under special conditions, bacteria can grow with a Ap which approaches zero (11, 18) . The heat shock proteins and translocation system may play an important role in growth under such conditions.
It is easy to imagine that E. coli might be exposed to conditions which are mimicked, at least in part, by exposure to DNP. These conditions include the following: (i) a low external pH which would acidify the cytoplasm; (ii) a high concentration of metabolic end products, such as acetate, which are capable of acting as uncouplers; and (iii) exposure to polymixins, colicins, defensins, and other molecules produced by competing organisms, which can compromise the integrity of bacterial membranes. Thus, the study of adaptation to DNP may shed some light on how E. coli modifies cellular processes in order to survive and grow when faced with these common types of environmental challenges.
